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Abstract 
Emulsions are widely used in the pharmaceutical and food industry. In recent years an increasing use of emulsion-based delivery 
systems for bioactive substances involving small particle sizes is notable. Apart from spontaneous formation of microemulsions, 
in general energy has to be introduced into the system, i.e. the formation process of nanoemulsions (thermodynamically 
metastable systems) is not spontaneous and the droplet-breakup process needs application of external energy input. Within this 
account we show that highly stable nanoemulsions can be produced by an alternative and scalable process applying stirred media 
milling. Alkane (hexadecane, dodecane)-Tween85-water-systems have been used as model emulsion systems to demonstrate the 
feasibility of the approach. The influence of fundamental process parameters such as emulsion formulation (c.f. oil mass fraction 
and oil-to-emulsifier mass ratio), stressing conditions (grinding bead size and stirrer tip speed), process time and especially 
temperature on the emulsion droplet size and size distribution has been studied in detail. Low oil-to-emulsifier ratios are most 
appropriate with respect to obtaining small mean droplet sizes and narrow droplet size distributions. It is shown that the smallest 
mean droplet sizes (at constant oil-to-emulsifier ratio) are obtained at the lowest oil mass concentrations. Product emulsions of 
Sauter diameters x1,2 below 25 nm have been obtained in the hexadecane-Tween85-water system using ZrO2 grinding beads of 
100 μm and 400 μm in diameter, respectively. Interestingly, working at high stress intensities is not appropriate: higher stress 
intensities lead to a more intense mixing that increases the coalescence rate. Remarkably, lowering the process temperature below 
the solidification temperature of the oil phase, i.e. ‘grinding’ of the solid oil, is advantageous as compared to emulsification of the 
liquid oil: Coalescence and ripening can be significantly reduced. Smallest product droplets with x1,2 < 10 nm are obtained in the 
hexadecane-Tween85-water system after a short processing time of clearly below 1 hour. The feasibility of the process proposed 
to produce nanoemulsions using oil phases loaded with the hydrophobic organic compounds pyrene and trans-stilbene is 
demonstrated. 
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1. Introduction 
Emulsions make up a considerable part of products of the pharmaceutical and food industry [1-4]. Recently, an 
increase in usage of emulsion-based delivery systems for bioactive substances involving droplet sizes smaller than 
100 nm is noticeable [5]. Emulsion systems in the droplet size range below 100 nm either can be obtained by 
spontaneous emulsification or formation of microemulsions and ‘real’ emulsification, i.e. formation of so-called 
nanoemulsions where the droplet breakup is initiated by introduction of mechanical energy into the system. 
McClements et al. [5] recently outlined the difference between the aforementioned distinctly different systems: 
whereas microemulsions are thermodynamically stable systems that are formed by self-assembly after a small 
activation barrier is overcome, nanoemulsions are thermodynamically metastable systems. In the latter case the 
emulsification process is not spontaneous, i.e. droplet breakup has to be achieved by external high energy input such 
as application of shear or elongational stress. So far, for the preparation of emulsions where both, the dispersed and 
the continuous phase are of low viscosity, devices using nozzles for the generation of defined flow conditions, such 
as high pressure homogenizers, membranes, orifices or packed bed mixers, have been proposed. Also cavitation 
phenomena can be exploited for emulsification of the aforementioned systems. In the case of highly viscous 
dispersed phases often rotor-stator devices are applied [6-11]. 
In this paper the applicability of stirred media milling for the production of stable water-hexadecane-Tween85 
emulsions [12] will be outlined. So far, stirred media mills have been successfully applied for the comminution of 
various (solid) materials such as oxides, glasses or polymers [13-16]. Depending on the mechanical behavior 
limiting product particle sizes between 10 nm (for oxides) and < 5 μm (for polymers) have been observed. The 
transfer of results for comminution of solid particles to ‘comminution’ of liquids is straightforward since stressing of 
the dispersed phase by the apparatus as well as the stabilization of the product particles follow similar rules. Of 
course the fracture of solid particles and the droplet break-up are distinctly different. Interestingly, the shear and 
strain rates generated in the device allow for the production of O/W nanoemulsions of the considered water-
hexadecane-Tween85 system. The influence of process parameters, i.e. grinding bead size, stirrer tip speed, process 
temperature as well as system composition on the emulsification result will be addressed. 
2. Materials and Methods 
2.1. Materials 
n-hexadecane (95%, for synthesis, Alfa Aesar) and n-dodecane (99%, Sigma Aldrich), respectively, have been 
used as oil phase and Tween 85 (Sigma Aldrich) as emulsifier. The deionized water used for emulsification was 
prepared by a Millipore device. The feasibility to produce nanoemulsions using oil phases loaded with hydrophobic 
organic compounds is demonstrated for pyrene (> 97%, Alfa Aesar) and trans-stilbene (> 98 %, Carl Roth). 
2.2. Stirred media milling / emulsification 
Stressing conditions in stirred media mills can be described by the stress energy (SE) - stress number (SN) model 
according to Kwade [17] (for definitions of SE and SN see eq. 1 and eq. 2). The stress energy SE is proportional to 
the maximum kinetic energy transferred upon collision of two grinding beads. The stress number SN describes the 
total number of grinding bead collisions within the mill. 
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dGM: grinding bead diameter, vtip: stirrer tip speed, UGM: grinding bead density. 
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M: volume fraction of grinding beads in the grinding chamber, (1- H): packing density, cv: concentration of product 
suspension, n: stirrer speed, t: process time, dGM: grinding bead diameter. 
 
Emulsification has been accomplished in a laboratory stirred media mill (PE075, Netzsch). Oil and emulsifier 
mass fractions have been varied between 1 and 20 wt%. The emulsifier was dissolved in water in a beaker, then the 
oil phase was added and a (unstable) raw emulsion was prepared by agitation using a magnetic stirrer. The raw 
emulsion obtained was transferred to the grinding chamber (650 mL total volume) that was filled with grinding 
media (approx. 1.5 kg). Stress intensity SE has been changed by variation of grinding bead size dGM and stirrer speed 
vtip (eq. 1). Yttria-stabilized ZrO2 grinding beads (YSZ, Tosoh) of a density of 6,050 kg/m3 of a size of 100 μm and 
400 μm, respectively, have been used. The stirrer tip speed vtip has been changed between about 3.3 m/s and 6.1 m/s, 
equaling agitator speeds between 1,000 min-1 and 1,700 min-1. The process temperature was set between 10 °C and 
32 °C and kept constant to +/- 1 °C using a thermostat device. 
2.3. Dynamic light scattering 
Droplet size distributions have been determined by dynamic light scattering measurements using an Ultrafine 
Particle Analyzer device (Microtrac). Size measurements have been performed at room temperature. 
3. Results 
3.1. Influence of stressing conditions 
Figure 1 summarizes the evolution of Sauter diameter x1,2 in dependence on process time for the emulsification of 
a dodecane (5 wt%)-Tween85 (5 wt%)-water system for different stressing conditions. Grinding media size as well 
as stirrer rotational frequency have been varied. At constant grinding media size (c.f. dGM = 100 μm) emulsification 
kinetics have been found to become faster with decreasing stirrer rotational speed, i.e. a low SE is advantageous with 
respect to kinetics. Larger grinding media (400 μm) are less efficient with respect to minimum obtainable droplet 
size and kinetics as compared to smaller grinding media (100 μm). Moreover, it has been observed that the droplet 
size distributions become narrower with decreasing SE (see [1] for details). 
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J: liquid-liquid interfacial tension, Kc: viscosity of the continuous medium, s : shear rate. 
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Fig. 1. Influence of stress energy SE on the Sauter diameter x1,2 of product droplets in dependence on process time obtained for emulsification of 
a dodecane (5 wt%)-Tween85 (5 wt%)-water system (n = 1,100 min-1, dGM = 100 μm, T = 16 °C). 
High stress intensities SE correspond to high shear rates. According to eq. 3 [18] droplet size is determined by 
shear rate, interfacial tension J and dispersed phase viscosity Kc, i.e. one might expect smaller droplets at higher SE. 
However, one has to keep in mind that the droplet size is not only determined by the droplet break-up, but also by 
coalescence, i.e. by two concurring mechanism: coalescence rate scales with the mixing rate that scales with SE, i.e. 
different (opposite) dependencies on stress intensity for droplet breakup and coalescence are expected. In 
consequence, it is expected that the increase of coalescence rate exceeds the increase in shear rate from a critical 
value of SE upwards, i.e. coarser droplets are expected for stress energies exceeding a critical value. Additionally, 
details on the complex mass and fluid flow in stirred media mills are not well-known, i.e. it might also be necessary 
to consider additional effects such as varying flow patterns depending on the exact process conditions (grinding 
media size, stirrer tip speed). Remarkably, nanoscale product droplets can be obtained using stirred media mills, 
which demonstrates that very high shear rates [12] can be realized in these devices as estimated from experimentally 
obtained product droplet sizes. 
3.2. Grinding vs. emulsification :influence of process temperature 
To evaluate if the comminution process also for solid oil, i.e. to check if ‘grinding’ is possible, the influence of 
process temperature on the droplet size distribution of the resulting emulsion was studied for hexadecane-Tween85-
water systems. In the aforementioned systems the behavior of solid oil upon stressing can be studied easily as the 
solidification temperature of the oil phase (approx. 18°C) is readily accessible. Results obtained are outlined in 
figure 2: Figure 2a summarizes the evolution of product droplet size x1,2 in dependence on process time for 
emulsification (20°C, black star-shaped symbol) as well as ‘grinding’ (experiments at 10°C) at comparable stressing 
conditions. Systems with a total oil mass concentration between 15 wt% and 20 wt% have been considered. In all 
experiments shown in Figure 2a the oil-to-emulsifier-ratio was kept constant. Obviously grinding of the solid 
hexadecane phase is advantageous with respect to minimum droplet size obtainable as well as grinding kinetics as 
compared to emulsification of the liquid hydrocarbon (see Figure 2a, c.f. black star-shaped symbols vs. green 
circles). We expect the solid hydrocarbon to show a wax-like behavior. The comminution process will be distinctly 
different from brittle fracture, i.e. presumably shearing of solid oil structures between grinding media is the 
governing comminution mechanism. The product emulsions obtained at 20 °C, i.e. upon melting of broken 
fragments of hexadecane, are transparent and contain the original amount of oil and emulsifier. The higher efficiency 
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of ‘grinding’ of the solid hydrocarbon as compared to emulsification of the liquid oil phase may be understood: the 
coalescence rate favoring ripening and thus an increase of the mean droplet size, is expected to be remarkably 
reduced as compared to emulsification of the liquid hydrocarbon. The dependency of the dispersed phase 
concentration on product droplet size and kinetics during grinding of the solid hydrocarbon is also exemplified in 
Figure 2a: smaller product droplet size and faster grinding kinetics are observed for smaller dispersed phase 
concentrations. This behavior is similar to the dependencies known from grinding processes. Moreover the droplet 
size distribution is narrower for smaller dispersed phase concentrations at constant oil to emulsifier ratio [12]. 
The influence of process temperature on the product droplet size is also outlined in Figure 2b where data on 
grinding and emulsification of a hexadecane (5 wt%)-Tween85 (5 wt%)-water system are summarized. Process 
temperature was varied between 11°C and 32°C. After about 2 hours of grinding at 3°C the process temperature was 
gradually increased. For temperatures below approx. 18 °C, i.e. temperatures where the dispersed phase is solid, the 
droplet size distribution does not change remarkably. Droplet sizes of x50,3 = 17 nm, x10,3  = 13 nm and x90,3 = 30 nm 
(18°C) are obtained after 3 hours of processing. Upon further elevation of process temperature above the melting 
temperature of hexadecane (approx. 18°C) while stressing an increase in x10,3, x50,3 and especially in x90,3 is observed: 
obviously coalescence occurs. Upon further stressing of the liquid oil phase the product droplet sizes decrease again. 
At 32 °C a limiting droplet size x50,3 of 86 nm has been observed for a total process time of about 7 hours. 
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Fig. 2. (a) Influence of oil mass fraction on product droplet size  x1,2 at constant oil-to-emulsifier ratio during grinding (bleack star-shaped 
symbol, 10°C) and emulsification (20°C) of  hexadecane at similar stressing conditions. (b) Influence of process temperature (bottom) on the 
droplet sizes x10,3, x50,3 and x90,3 (top) during emulsification in a stirred media mill (5 wt% hexadecane, 5 wt% Tween85, 90 wt% water; n = 1,000 
min-1, dGM = 100 μm). 
3.3. Preparation of loaded nanodroplets 
The proposed comminution process also opens the possibility to prepare emulsions of loaded oil phases, i.e. oil 
phases with additional compounds introduced which might e.g. be interesting in the formulation of emulsion-based 
drug delivery systems for sparingly water-soluble compounds. This possibility has been evaluated for pyrene-loaded 
as well as trans-stilbene-loaded hexadecane systems (see Figure 3). The pyrene loaded oil phase was emulsified in a 
Tween85 (5 wt%)-water system (SE = 82 nJ, 21°C). Water-based emulsion systems (oil droplet size approx. 59 nm) 
with a very high pyrene concentration of about 840 mg/L, as compared to the aqueous equilibrium solubility of 
pyrene of about 1 mg/L at room temperature, could thus be obtained (Figure 3a). A similar behavior is observed for 
the emulsification of trans-stilbene-loaded hexadecane (Figure 3b). In the latter case no pronounced dependency of 
limiting droplet size on solute concentration has been observed so far. 
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Fig. 3. Emulsification of loaded hexadecane (5 wt%) -Tween85 (5 wt%)-water system systems: (a)  pyrene (15.87 mg/g (hexadecane)), SE = 82 
nJ, 21 °C. (b) trans-stilbene, SE = 272 nJ, 20 °C.  
4. Conclusions 
The feasibility of stirred media milling for emulsion formulation in systems with high emulsifier concentration 
has been demonstrated for hydrocarbon-Tween85-water systems. Product emulsions with droplet sizes x1,2 below 25 
nm have been obtained at moderate stressing conditions. The stress rates realized in stirred media mills are 
appropriate to initiate droplet breakup. Working at high stress intensities is not appropriate: higher stress intensities 
lead to a more intense mixing that will increase the coalescence rate. Moreover, it was demonstrated that ‘grinding’ 
the solid oil (working below the solidification temperature) is advantageous as compared to emulsification of the 
liquid hydrocarbon: smaller product droplets are obtained. The improved comminution result in ‘grinding’ as 
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compared to emulsification is due to the reduced coalescence rate. The method may be applied for loaded oil phases, 
too, which makes the process feasible for formulation of emulsion-based drug delivery systems. 
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